Biosurfactants have versatile properties and potential industrial applications. A new producer, B. subtilis TU2, was isolated from the underground oil-extraction wastewater of Shengli Oilfield, China. Preliminary flask culture showed that the titer of biosurfactant obtained from the broth of TU2 was ~1.5 g/l at 48 h (718 mg/l after purification), with a reduced surface tension of 32.5 mN/m. The critical micelle concentration was measured as 50 mg/l and the surface tension maintained stability in solution with 50 g/l NaCl and 16 g/l CaCl 2 after 5 days of incubation at 70 o C. FT-IR spectra exhibited the structure information of both glycolipid and lipopeptide. MALDI-TOF-MS analyses confirmed that the biosurfactant produced by B. subtilis TU2 was a blend of glycolipid and lipopeptide, including rhamnolipid, surfactin, and fengycin. The blended biosurfactant showed 86% of oil-washing efficiency and fine emulsification activity on crude oil, suggesting its potential application in enhanced oil recovery.
Surfactants are surface-active compounds with a pronounced ability to reduce the surface or interface tension of the solvent, and are therefore widely used in the fields of environmental remediation, agriculture, cosmetics, pharmaceutics and enhanced oil recovery (EOR). Surfactants have both hydrophilic and hydrophobic moieties arranged in a welloriented state, thus possessing diverse functions such as excellent humectant, emulsifying, foaming, dispersing, and detergency actions [30] . With increasing environmental and raw-material concerns, researchers are more and more interested in developing biosurfactant, a type of metabolite produced mainly by microorganisms (i.e., bacteria, yeast, and fungi) [1] , with multiple advantages such as satisfactory biodegradability, low toxicity, ecological acceptability, renewable substrates, and mild production conditions, to substitute the chemically synthetic ones [23] .
Biosurfactants have diverse chemical structures such as glycolipids, lipopeptides, phospholipids, fatty acid salts, and particulate structures [21] , of which glycolipids and lipopeptides are the most commonly investigated and mainly produced by genera Bacillus, Pseudomonas, Streptomyces, Arthrobacter, and so on [9, 12, 15, 16, 19] . Rhamnolipid, one of the representative glycolipids, was first found from the culture broth of Pseudomonas pyocyanea [6] , containing two rhamnose molecules linked with β-hydroxydecanoic acid [13] . Research has demonstrated that a very low concentration of rhamnolipid with an optimum chemical structure can recover the trapped oil from a sand pack [28] . Surfactin and fengycin, two members of lipopeptides consisting of a unique class of hydrophilic cyclic peptides and hydrophobic fatty acid chain, are well known for their excellent surface-active performance and high stability against temperature and salt, thus possessing potential for various applications such as enhanced oil recovery, bioremediation [5, 20] , and health-care [18, 24] . Surfactin and fengycin are mainly produced by various Bacillus strains [2, 14] . It is generally believed that they and other lipopeptides are synthesized by their organisms-producers nonribosomally [8, 22, 23] .
In this work, a strain was isolated from the underground oil-extraction wastewater of Shengli Oilfield, China, and identified as Bacillus subtilis TU2. This strain produces a novel blend-biosurfactant containing rhamnolipid, surfactin, and fengycin with high oil-washing efficiency, thermostability, and salty resistance stability. 
MATERIALS AND METHODS

Isolation of Microorganisms and Culture Conditions
Identification of Bacterial Strain
Genomic DNA was extracted and purified by using a Wizard Genomic DNA purification kit (Promega, USA). A 16S rRNA gene sequence (1489 bp) was obtained from a PCR product amplified from strain TU2 by using the primer pairs 5'-AGAGTTTGATCC TGGTCAGAACGCT-3'/5'-TACGGCTACCTTGTTACGACTTCA CCCC-3' [29] . The amplified 16S rRNA gene was sequenced by using an ABI377 automatic sequencer (Applied Biosystems, USA), and then compared with rDNA sequences obtained from GenBank (http://www.ncbi.nlm.nih.gov/BLAST/). Additionally, a range of phenotypic, physiological, and biochemical characteristics were also tested, and TU2 was identified as Bacillus subtilis according to Bergey's Manual of Systematic Bacteriology [25] .
Biosurfactant Accumulation, Separation, Purification, and Quantification After 2 days' of flask culture, biosurfactant accumulation was confirmed by the oil-red spreading method. The broth (50 µl) was added to an oil-red solution (200 µl oil red in 30 ml deionized water) in a circular plate, and the produced biosurfactant in broth would spread the oil-red to form a white circle. Separation and purification of biosurfactants from the broth were carried out as follows: the cell- 
Measurement of Critical Micelle Concentration (CMC)
The surface tension was measured by a ring detachment method [20] With increasing concentration of biosurfactant, a sudden change in the decreasing rate of surface tension will happen at the CMC [7] . By preparing different concentrations of biosurfactant solutions (0-300 mg/l) and measuring the changes of surface tension, CMC was determined from the inflection point of surface tension versus concentration.
Assay of Stability
The stability of the biosurfactant was determined by surface tension changes under different conditions. At the biosurfactant concentration of 500 mg/l, the stability against pH was assessed by varying the pH (Sartorius PB-10; Germany) from 3 to 12; and the stability against salinity was assessed by changing the concentration of CaCl 2 (in the range of 0, 0.1, 0.2, 0.3, 0.4, 0.5, 1.5, 3.0, 5.0, 10, and 15 g/l) with a fixed concentration of NaCl (50 g/l). Thermal stability assessment was carried out at 70 o C for 5 days. The biosurfactant solution of 2 g/l was heated in an oven with a sealed conical beaker and the surface tension was measured every 24 h after cooling down to 25 o C.
Structural Analyses
Fourier-transform infrared spectroscopy (FT-IR) analysis of the biosurfactant [17] was performed with Nicolet 6700 FT-IR equipment (Thermo Scientific, USA). The purified product was diluted by KBr and dried under an infrared lamp to eliminate the influence of H 2 O.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) [27] was used to elucidate the structure of biosurfactant produced by TU2 on a SCIEX 4800 Analyzer (Applied Biosystem, Foster City, CA, USA) with laser intensity from 3200 to 5500. An equal volume of 0.1% α-cyano-4-hydroxycinnamic acid (CHCA) was used as the matrix solution. The masses in the range of 600-4,000 were measured.
Oil-Washing Efficiency
The standard oil sands for measuring the oil-washing efficiency were obtained by mixing quartz sands and crude oil (Shengli Oilfield, China) in a ratio of 5:1 (m/m) and then aging at 70 o C for 7 days and stirring one-time a day. The 20 ml biosurfactant solution (3 mg/l) was added into a container with 2 g of oil sands, and then shaken for 24 h at 70 o C, 90 rpm. The oil was washed out to a new container from oil-sands and further extracted by petroleum ether overnight with regular stirring. The absorbance at 430 nm (UV-VIS spectrometer, 722S; Shanghai Precison Instrument, China) was measured to calculate the oil content washed by the biosurfactant from the quartz sands. Meanwhile, 50 ml of petroleum ether was directly used to extract the crude oil from 2 g of oil sands. The ratio of the washed oil removed by the biosurfactant solution against the total amounts removed by petroleum ether is defined as the oil-washing efficiency.
Oil-washing efficiency = (the biosurfactant-removed oil)/(total oil removed by petroleum ether from oil sands)×100%
Emulsification Activity
Emulsification activity of the biosurfactant was roughly tested against crude petroleum oil and paraffin wax. Cells of TU2 were cultured at 30 o C for 48 h, and then centrifuged for 40 min at 4 o C, 8,780 ×g. Then, 10 ml of supernatant were taken to mix with 5 ml of crude petroleum oil (G9#, Shengli Oil Field, China) or paraffin wax (chemical grade) in a sealed 50 ml conical flask, with shaking for 48 h at 70 o C, 90 rpm for oil treatment or 50 o C, 90 rpm for paraffin wax treatment. The emulsification effect of the biosurfactant was observed under microscopy (1000×). Sodium dodecyl sulfonate (SDS, 3 g/l) was used as a control.
RESULTS AND DISCUSSION
Identification of B. subtilis TU2 An effective biosurfactant producer, TU2, was isolated from the underground oil-extraction wastewater of Shengli Oilfield, China. The optimal temperature for growth of the isolated TU2 was 30 o C. Cells of TU2 were rod-shaped, Gram-positive, and aerobic with spore-forming ability. Physicochemical analyses showed that TU2 is oxidase+ and catalase+. It can grow with glucose, arabinose, xylose, mannitol, starch, casein, citrate, and nitrate, but not lactose ( Table 1) . Comparison of the 1489 bp 16S rRNA nucleotide sequence from strain TU2 (GenBank: JX624786) with sequences in the GenBank database revealed 99.683% identity with the corresponding one from Bacillus subtilis subsp. subtilis (http://www.ncbi.nlm.nih.gov/). These biochemical and genetic results classified TU2 as a strain belonging to Bacillus subtilis.
Harvest and Characterization of Biosurfactant from B. subtilis TU2
The biosurfactant accumulated in the fermentation broth for 48 h (~1.5 g/l) was confirmed by oil-red spreading test, as shown in Figs. 1A and 1B. After purification by methanol extraction and vacuum rotary evaporation, yellow products were obtained after drying, as shown in Fig. 1C . The average yield of the purified biosurfactant was 718 mg from one liter of culture, and it was found to reduce the surface tension of water from 73 to 32.5 mN/m.
By diluting the solution and measuring the corresponding surface tension, the critical micelle concentration (CMC) was determined as approximately 50 mg/l, as shown in Fig. 2A . Generally, the CMCs of various biosurfactants have been reported to range from 5 to 386 mg/l. Lots of molecular structural differences, such as the branching and length of aliphatic chains, especially the presence of unsaturated bonds, could contribute to the difference in CMCs [10] .
After further measuring of the stability of biosurfactant against pH, salinity, and heat, as shown in Figs. 2B, 2C, and 2D, respectively, it can be seen that the biosurfactant from strain TU2 was quite stable under acidic pH, high concentration of minerals (NaCl + CaCl 2 ), and high temperature (70 o C for 5 days), which gives a great potential for its future applications. Structural Analyses of Biosurfactant from B. subtilis TU2 FT-IR spectra showed that there existed typical peaks of both lipopeptide and glycolipid in the purified biosurfactant products, as illustrated in Fig. 3 . The peptide bond is a marker group in lipopeptides. Peaks at 1,657 cm -1 and 1,541 cm -1 correspond with amide-I and amide-II, which definitely belong to lipopeptide [20] . At the fingerprint region of the spectra, the peak at 1,068 cm -1 shows the vibration of C-O-C, the acetal structure in a sugar ring, confirming the existence of a glycolipid. Fatty acid is a common structure in both lipopeptides and glycolipids. The peaks at 2,926 cm -1 (with 2,854 cm -1 symmetric stretching) and 2,954 cm -1 belong to the stretching of the methylene and methyl. The ester group can also be found in both kinds of biosurfactants. The transmission peak at 1,740 cm -1 is the carbonyl group in the ester.
MALDI-TOF-MS analyses [27] further revealed that the glycolipid product is a rhamnolipid at m/z 655.3 and 707.2 (Fig. 4A) , corresponding to monorhamnose and dirhamnose, respectively. This type of rhamnolipid contains the α-decenoic acid chain with different length and one or two unsaturated bonds, as illustrated in Fig. 4A . The m/z in the region of 1000-1100 belongs to the surfactin family. As with rhamnolipids, different lengths of fatty acid and combinated ions are revealed in the spectra, as shown in Fig. 4B . The m/z in the region of 1450-1550 is classified as another lipopeptide family, fengycin, which contains a 10-amino-acid circular peptide and longer fatty acid chains varying from C16 to C18, as shown in Fig. 4C . Details of fengycin products have been listed in Table 2 .
Oil-Washing Efficiency and Emulsification Activity of the Blend-Biosurfactant
To test the feasibility of applying the rhamnolipid-surfactinfengycin blended biosurfactant obtained from TU2 for enhanced oil recovery (EOR), both the oil-washing efficiency and the emulsification activity were observed, as shown in Fig. 5 . About 86% of oil was washed out from the oil (A) The spectra of m/z at 500-700 and the deduced structure of rhamnolipid products. C 9:1 , C 10:1 , the length of acid chain is C9 or C10 containing one unsaturated bond at the unclear position. C 14:2 , the length of acid chain is C14 containing two unsaturated bonds at the unclear position. (B) The spectra of m/z at 1000-1100 and the deduced structure of surfactin products. M represents the backbone structure without ions. C 13 , C 14 , C 15 : fatty acid chain with unsaturated bonds at the unclear position; peptide sequence: 
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Note: "M" represents the circular peptide structure without ions. "n" is the number of double bonds in the fengycin species [27] .
sands and aggregated into a few big oil droplets (Fig. 5A) , leaving clean white sands (Fig. 5B ) that were completely different from the original oil sands in dark brown (Fig. 5C) . Not considering the difference in analytical method, this result was roughly comparable with the ones reported by Iglauer et al. [11] , in which the tertiary oil recovery (TOR) of the coconut diethanolamide and alkyl polyglycoside was 75% and 40-50%, respectively. Two other literatures focused on the oil-removing from the oilcontaminated soil or sandy-soil and obtained 91% and 78% oil-removing efficiency, respectively [4, 26] . Emulsification results showed that the novel blended biosurfactant can emulsify the crude oil into small droplets (diameter <50 µm approximately) after 48 h shaking (Fig. 5D) , better than that of the control SDS (Fig. 5F ). The emulsification activity of the biosurfactant on paraffin wax was also acceptable (Fig. 5E ). This result demonstrated that the special blend-biosurfactant produced by B. subtilis TU2 has a promising potential in EOR.
Collectively, an effective biosurfactant producer, B. subtilis TU2, was isolated from the underground oil-extraction wastewater. Oil-red spreading test confirmed the accumulation of biosurfactant (~1.5 g/l at 48 h). Literature results on lipopeptide accumulation were quite different, such as 10 mg/l produced by Pseudomonas fluorescens BD5 for 7 days [12] , 560 mg/l produced by Candida ingens for 7 days [3] , and recently 6.9 g/l in Bacillus subtilis DSVP23 for 5 days [20] . Strain B. subtilis TU2 is comparable with the efficient microbial producers.
The CMC of the obtained biosurfactant is approximately 50 mg/l, and the stability under acidic pH, high salinity, and high temperature is satisfactory. Analyses by FT-IR and MALDI-TOF-MS revealed that this biosurfactant is a blend of rhamnolipid, surfactin, and fengycin, in which the molar ratio of glycolipid to lipopeptide was roughly 3:2, as revealed by HPLC. More assessment showed that lipopeptide preferably contributes to the oil-washing efficiency and stability, whereas the glycolipid preferably contributes to the emulsification activity of the biosurfactant. Consequently, the blend-biosurfactant was endowed simultaneously with high oil-washing efficiency (86%) and superior emulsification activity against crude oil, suggesting its potential application in EOR. 
